Despite the many recognised benefits, the application of high rate algal ponds (HRAP) to manage wastewater treatment in small communities has been limited. To be incorporated into the South Australian Community Wastewater Management Scheme (CWMS), new wastewater treatment systems are required to undergo validation and obtain regulatory approval from the South Australian Department of Health, Wastewater Management Group. A HRAP system at Kingston on Murray, South Australia, underwent validation to be incorporated into the CWMS. The process was consistent with the Australian National Guidelines which requires the demonstration of the log 10 reduction values (LRV) for indicator organisms achieved by the wastewater treatment system. These were required to be measured twice weekly, over a 10 week period in below average solar radiation and temperature conditions, by an independent National Association of Testing Authorities accredited laboratory. The Australian Water Quality Centre was commissioned to assess the removal of Escherichia coli, F-RNA bacteriophage and aerobic spore-forming bacteria. Flinders University of South Australia concurrently monitored the removal of the same organisms and other standard wastewater parameters. While ASFB were shown to be unsuitable indicators of protozoa in natural pond systems, the system effectively removed E. coli and F-RNA bacteriophage with the treated effluent meeting the limits set by the guidelines for effluent reuse for non-food crop irrigation: a 5th percentile LRV of >1.0 for F-RNA bacteriophage and a median E. coli concentration of <4.0 log 10 E. coli MPN 100 mL −1
Introduction
In rural South Australian communities, treatment of wastewater is managed by Community Wastewater Management Schemes (CWMS) with the assistance of the Local Government Association of South Australia (LGA SA). As of 2016, 172 CWMS were operating in 45 district councils, treating wastewater from approximately 180 000 individuals or approximately 15% of the South Australian population. Ninety of these were waste stabilisation pond (WSP)-based systems, reflecting a preference for these systems. Drivers for this preference include the limited expertise available to manage, operate and maintain electro-mechanical wastewater treatment plants in these communities; and increasing awareness in rural communities of issues associated with energy supply, cost of operation and associated greenhouse gas emissions.
In CWMS, the first stage of treatment is performed in onsite septic tanks where the bulk solid portion of the waste is settled out and undergoes anaerobic digestion. The treated liquid phase is then reticulated to a centralised WSP system for further treatment before disposal or beneficial reuse. The recommended WSP system configuration comprises five cells, each with a recommended depth of 1.2 m. The first WSP is a facultative pond, required to have a theoretical hydraulic retention time (THRT) of 36 d, while the remaining four are maturation ponds, operated in series, each having a THRT of 7.5 d. This equates to a recommended total THRT of 66 d for CWMS WSP systems.
In 2009, the Health and Environment Group at Flinders University of South Australia (FUSA) commissioned the construction of a high rate algal pond (HRAP) system for research on the treatment of wastewater at the Kingston on Murray CWMS. The initial aims of the project were: to compare the treatment performance of a CWMS WSP system with the HRAP at Kingston on Murray; determine the optimum operating conditions to maximise HRAP performance, and to provide criteria for HRAP design and operation in South Australia. This research showed that, in comparison to a CWMS WSP operated at Lyndoch, South Australia, the HRAP at Kingston on Murray achieved Escherichia coli dieoff rates and 5-day biochemical oxygen demand (BOD 5 ) removal rates 4 to 6 times higher and ammonia removal rates 8 to 17 times higher with at least 50% less evaporative losses. 1, 2 This reduction in treatment time reduces area requirement and consequently construction costs, while the reduced evaporative loss means more water is available for beneficial reuse in water-scare regions, such as, rural Australia. 3 After establishing the many benefits HRAPs provide over WSPs, approval for HRAPs to be included as an alternative treatment option to WSPs in the CWMS design guidelines was sought from the South Australian Department of Health, Wastewater Management Group (DoHWMG). The validation process required for approval is consistent with the Australian National Guidelines for Water Recycling: Managing Health and Environmental Risks (Phase 1), 4 which employ the concept of disability-adjusted life years (DALYs) with the tolerable risk accepted as 10 −6 DALYs per capita per year, equivalent to an annual risk of diarrhoeal illness of 1 per 1000 people. The public health risk associated with exposure to waterborne pathogens in treated wastewaters intended for disposal or reuse are managed by health-based performance targets derived from the guidelines to ensure the tolerable risk is not exceeded. The initial concentration of the organisms in the wastewater, data relating to their passage through components of the wastewater treatment train, the frequency of exposure and likely ingestion volume associated with the reuse water are considered in the derivation of the target log 10 reduction values (LRV) of indicators for bacterial, viral and protozoan pathogens. The treated wastewater from CWMS is most commonly used to irrigate non-food crops, typically woodlots. The target LRVs for this reuse application for enteric organisms are 5.0 for viruses, 4.0 for bacteria and 3.5 for protozoa, with an additional treated wastewater quality objective of a median concentration of <4.0 log 10 E. coli 100 mL −1 (NRMMC, 2006) . A minimum 5th percentile of 1.0 log 10 reduction of viruses is required following treatment since onsite controls can contribute further to exposure reduction. E. coli and F-RNA bacteriophage were used as indicators for pathogenic bacteria and viruses as recommended by the guidelines. 4 Following consultation with DoHWMG, aerobic spore-forming bacteria (ASFB) were chosen as indicators for pathogenic protozoa. The validation took place between 1 August and 10 October 2013. It was required to be carried out in below average solar radiation and temperature conditions with twenty inlet and twenty outlet samples taken over 10 weeks, with the 5th percentiles of the LRVs used as the performance values for the validation. This sampling strategy is employed to reflect the worst-case scenario when determining system performance. It was also a requirement for validation that sample collection and microbiological analysis be conducted by a National Association of Testing Authorities (NATA) accredited laboratory. Consequently, the Australian Water Quality Centre (AWQC), South Australian Water Corporation was engaged by the LGA SA to undertake this analysis. This involved the manual collection of inlet and outlet samples over the ten week period, followed by laboratory analysis of the samples within 24 hours of collection. Concurrently during the validation, FUSA employed an auto-sampler to collect composite treated wastewater samples, which were stored at 1°C before retrieval and microbiological analysis similar to that conducted by the AWQC. The required validation of wastewater treatment systems in rural and remote communities is logistically difficult and expensive. Uniquely, this validation enabled comparison and evaluation of two different sampling strategies, daily 'grab' sampling versus composite daily sampling and refrigerated storage.
To the authors' knowledge, this is the first validation and approval of a HRAP system by a regulatory agency in Australia or elsewhere. This paper details the methodology and results of the validation process for the HRAP at Kingston on Murray for inclusion in the CWMS design guidelines by DoHWMG in 2016.
Material and methods

Wastewater treatment plant site
The HRAP system was operated by FUSA. It consisted of two HRAPs operated in series at the Kingston on Murray wastewater treatment site (34.242816°S, 140.330197°E). The HRAPs were both single loop, HDPE sheet lined raceways, each 30 m long with a single channel width of 2.5 m. Within the HRAPs, wastewater was circulated at a mean surface velocity of 0. The first HRAP in the series (HRAP1) received septic tanktreated domestic wastewater produced by the South Australian rural town Kingston on Murray. The town had a population of approximately 300 permanent residents, with the usual variety of commercial activities associated with a small rural Australian town, as well as a school and a seasonal backpacker hostel. Wastewater depth within HRAP1 was controlled by a calibrated ultrasonic depth sensor (U-Gage, Banner Engineering Corp., Minneapolis) activating a submersed pump which transferred the wastewater from HRAP1 into the second HRAP in the series (HRAP2). The treated effluent from HRAP2 was pumped, again under ultrasonic depth control, to the storage pond before discharge via an irrigation system.
Wastewater inflow into HRAP1 was monitored via MagFlow meters (ABB Ltd, Zurich, Switzerland) installed on both the HRAP inlet and outlet pipes. Over that period the average daily inflow was 12. 13 To obtain a fresh sample of wastewater entering the pond, during every visit to retrieve the samples taken by the auto-sampler, a single wastewater grab sample (1 L) was taken from the inlet when the septic tank effluent was pumped from the transfer station into the pond. After the samples had been retrieved they were transported, while being refrigerated at 1°C in the dark, and analysed within 24 h.
Microbiological analysis
Enumeration of E. coli. 100 mL of each sample were analysed for E. coli using AWQC NATA accredited methods. A defined substrate medium (Colilert, IDEXX Laboratories, Inc. Westbrook, ME) was used for the detection and enumeration of E. coli, following Australian Standard AS 4276. : Water Microbiology -Examination for coliforms and Escherichia coli -Determination of most probable number (MPN) using enzyme hydrolysable substrates. 5 FUSA quantified E. coli for each sample using a single Colilert Quanti-Tray® (IDEXX Laboratories, Inc. Westbrook, ME) according to the manufacturer's instructions. The values were reported as E. coli Most Probable Number (MPN) 100 mL −1 .
F-RNA bacteriophage enumeration. F-RNA bacteriophage quantification was performed by AWQC using 1 mL of each sample employing a plaque assay, according to the methodology described in Appendix D of the UV Disinfection Guidance Manual.
6
F-RNA bacteriophage quantification was carried out at FUSA using a double layer agar plaque assay method. 7, 8 Duplicate 5 mL aliquots were used for each HRAP sample. 1 mL of each inlet sample was diluted in 9 mL of tryptone water (Oxoid Ltd), which was divided into 5 mL aliquots both of which were enumerated. Aerobic spore-forming bacteria enumeration. AWQC enumerated ASFB using an in-house method. 100 mL of each sample was heat treated at 80°C for 12 min, followed by serial dilution and membrane filtration (0.45 μm pore size) of 100 mL of sample. The organisms retained on the filter were cultured on tryptone soy agar at 30°C for 42-50 hours. Confirmation of colonies as Bacillus sp. was by Gram staining.
To enumerate ASFB, FUSA used the filtration and pasteurisation method described in Young, Buchanan, 9 which was adapted from Rice, Fox.
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Wastewater analysis
Biochemical oxygen demand. BOD 5 was measured using an OxiTopControl OC 100 controller (Xylem Analytics, Germany) following incubation in the dark at 25°C using OxiTop-C measuring heads in accordance with the manufacturer's instructions. 11 The BOD 5 concentration was expressed as mg BOD 5 L −1 .
Suspended solids. Suspended solids were determined for each sample as described in Test 2540 D of Standard Methods for the Examination of Water and Wastewater.
12
Turbidity. All samples were tested using the nephelometric method described in Test 2130 B (Nephelometric Method) of Standard Methods for the Examination of Water and Wastewater.
12 A Hach DR/2000 was used for spectrophotometric readings and reported in nephelometric turbidity units (NTU). Chlorophyll a. All samples were tested using the spectrophotometric method described in Test 10200 (Chlorophylltrichromatic method) of Standard Methods for the Examination of Water and Wastewater.
12 A Shimadzu UV-1800 spectrophotometer was used for spectrophotometric readings. Environmental parameters. Data on solar irradiance experienced by the HRAP system at Kingston on Murray over the validation period was collected as the mean daily global solar exposure (kWh m −2 ) from the weather station at Kingston on Murray, SA (34.22°S, 140.34°E) (Bureau of Meteorology). This weather station was ∼3 km away from the HRAP system. Daily minimum air temperature (°C) and maximum air temperature (°C) over the validation period were collected from the weather station at Renmark Aerodrome, SA (34.20°S , 140.68°E) (Bureau of Meteorology). This weather station was ∼34 km away from the HRAP system. Log 10 reduction value calculations. The LRVs of the indicator organisms for each of the HRAPs were equal to the difference between the log 10 concentration of the organisms entering each HRAP and the log 10 concentration of the organisms leaving each HRAP. The LRVs of the indicator organisms for the combined HRAP treatment were equal to the difference between the log 10 concentration of the organisms entering HRAP1 and the log 10 concentration of the organisms leaving HRAP2.
The data from the inlet and HRAP samples collected on the same day were used for the calculation of the LRV for the respective day. The calculation of LRVs for HRAP1 using FUSA data required a different approach, as this data set did not have an inlet sample collected on the same day of each composite HRAP sample collected by auto-sampler. To calculate LRVs for each HRAP1 sample, the inlet sample that was collected on the date closest to the sample was used.
Statistical analyses
Statistical analysis and graphical preparation were carried out using Analyse-it for Microsoft Excel (version 2.20; Analyse-it Software, Ltd, http://www.analyse-it.com/, 2009); R statistical software 13 Microbiological results from each laboratory were statistically compared where the sampling regimes aligned. All data sets were tested for normality using Shapiro-Wilk test for normality (ESI † S1). Data sets found to be normally distributed were analysed using independent-samples t-test for equality of means while those found to violate normality were compared using independent-samples Mann-Whitney U test. Significance was tested to the 0.05 level for all statistical comparisons.
Results and discussion
Prevailing weather conditions during the validation period 'Natural' wastewater treatment systems, which are largely dependent upon prevailing weather conditions for their effectiveness, are required to be validated when solar irradiance and temperature, the main contributors to pathogen inactivation and algal growth in HRAPs, are low. [17] [18] [19] [20] [21] [22] The validation of the HRAP at Kingston on Murray was conducted over 10 weeks in the winter and spring of 2013. During the 10 weeks of validation, the daily mean global solar exposure, 4.23 ± 1.29 kW h m −2 , was 15.4% less than the 2013 daily annual mean of 5.00 kW h m −2 , although it increased towards the end of the validation period (Fig. 1) . The mean daily minimum air temperature during the validation was 7.61 ± 4.19°C , 23.13% lower than the annual mean minimum air temperature, 9.9°C, recorded for 2013 (Fig. 2) . Similarly, the mean daily maximum air temperature, 23.11 ± 5.22°C, during the validation was 10.08% less than the annual mean daily maximum air temperature of 25.7°C.
Wastewater characteristics during the validation period
The BOD 5 , suspended solids and turbidity of the wastewater within HRAPs 1 and 2 during the validation period was typical of that associated with HRAPs treating domestic wastewater. The mean inlet BOD 5 concentration to HRAP1 from the Table 1) . The lower chlorophyll a concentration in HRAP2 adds additional supporting evidence that the ageing biomass was degrading. These chlorophyll a concentrations were comparable to those reported for other HRAPs treating domestic wastewater. [24] [25] [26] The mean turbidity of the wastewater in HRAP1, 185.28 ± 60.47 NTU, and HRAP2, 161.54 ± 53.08 NTU, was double that of the original inlet wastewater from septic tanks: 83.67 ± 22.37 NTU (Table 1 ). This increased turbidity from the inlet to the HRAPs was most likely caused by the algal biomass growing in the ponds.
Microbiological validation of HRAP performance
Log 10 reduction values for indicator organisms following treatment in the HRAPs. The mean, median and 5th percentile LRVs for the faecal indicator organisms following treatment in the HRAPs measured by AWQC and FUSA are shown in Tables 2 and 3 respectively. The temporal variation in LRVs for E. coli measured for the HRAPs operated in series over the 10 week validation period is shown in Fig. 1 . The E. coli LRV values ranged between 1.27-5.89 as determined by AWQC and 2.16-4.69 as determined by FUSA. The mean E. coli LRV for HRAP1 determined by AWQC was higher than that measured by FUSA, while the opposite was the case for HRAP2. Consequently, there was little difference between the two laboratories' mean LRV for the HRAPs operated in series. The mean LRV measured by AWQC was 3.30 ± 1.28, whereas the mean LRV measured by FUSA was 2.89 ± 0.75 (Fig. 3) . The regulatory agency, DoHWMG, required determination of 5th percentile values for E. coli LRV, which for the HRAPs operated in series, at a combined retention time of 10 d, were 1.82 and 2.0 as determined by AWQC and FUSA respectively.
The mean E. coli LRVs for HRAP1 determined for both AWQC and FUSA were similar to those reported for other HRAPs. 27, 28 Notably, the mean E. coli LRVs for HRAP1 operated at a 5 d THRT were similar to the 2.02 ± 0.65 LRV reported for the facultative WSP operated at a 27.5 d THRT at the CWMS at Lyndoch, South Australia.
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The median concentration of E. coli in the effluent following treatment in the HRAPs with a combined THRT of 10 d was measured at 3.13 log 10 E. coli MPN 100 mL −1 by AWQC and 3.30 log 10 E. coli MPN 100 mL −1 by FUSA (Table 6 ).
The LRVs for F-RNA bacteriophage ranged between 1.61-4.76 as determined by AWQC and 1.13-5.04 as determined by FUSA (Fig. 4) . The F-RNA bacteriophage mean LRVs followed a similar pattern to those determined for E. coli with the AWQC derived values for the mean LRV higher for HRAP1 and lower for HRAP2 than those obtained by FUSA. The mean LRVs for F-RNA bacteriophage for the HRAPs operated in series measured by AWQC over the validation period was 2.32 ± 0.74 ( Overall, the HRAPs showed inactivation of E. coli and F-RNA bacteriophage equivalent to those reported for WSPs. However, the inactivation rates were achieved using considerably shorter THRTs than those commonly employed for WSPs. The shorter THRTs reduce both the area requirement and the cost of construction for HRAPs compared to WSPs typically employed in CWMS in rural South Australia.
ASFB were shown to be unsuitable indicators for protozoa in open systems as analysis by both laboratories frequently showed higher concentrations of ASFB in the HRAP's treated effluent than was entering in the influent from septic tanks. Young, Buchanan 9 proposed the likely causes of increased ASFB in the HRAP effluent were ASFB being transported into the HRAPs by wind-blown soil and/or by propagation of influent spores in the HRAPs triggered by increases in temperature. It was concluded that ASFB were an unsuitable indicator for Cryptosporidium spp. and other protozoa in natural pond systems and E. coli should be used as an indicator in HRAPs. 23 The influence of environmental parameters on the LRVs achieved in HRAP1 is explored in more detail in Inactivation of indicator organisms in wastewater treated by a high rate algal pond system. 9 This publication details a longitudinal study on HRAP1 disinfection carried out by FUSA between July 2013 to May 2014, of which some of the data presented here is a component. Data presented in both publications includes E. coli, F-RNA bacteriophage, ASFB, BOD 5 , chlorophyll ) and F-RNA bacteriophage (log 10 PFU 100 mL Escherichia coli concentration (log 10 E. coli MPN 100 mL helminths was not considered in the validation since they are not endemic in most parts of Australia. In areas where helminths infections are prevalent, a minimum 25 d total treatment time is required based NRMMC. 4 As such, the configuration approved by DoHWMG to ensure helminth die-off was a 10 d THRT in a HRAP with an additional 15 d THRT in a storage lagoon before discharge or reuse. These design guidelines were published in Design Guideline for a High Rate Algal Pond (HRAP) -as an Element in Wastewater Treatment Trains.
Comparison between grab and refrigerated auto-sampler sampling methods
This study also enabled comparison between two methods of sampling and subsequent analysis. The mean E. coli inlet concentrations measured by the two laboratories were similar with the AWQC reporting a value of 6.19 ± 0.31 log 10 E. coli MPN 100 mL −1 and FUSA reporting a mean of 6.16 ± 0.39 log 10 E. coli MPN 100 mL −1 ( Table 4) . The same value, 5.05 ± 0.50 log 10 PFU 100 mL −1 , for mean inlet F-RNA bacteriophage ) and F-RNA bacteriophage (log 10 PFU 100 mL (Table 4) . Independentsamples t-test for equality of means was performed between the results obtained by each laboratory for both organisms found that for both E. coli (p = 0.97; n = 12) and FRNA bacteriophage (p = 0.65; n = 12) there was no statistically significant difference between the results. As both laboratories employed grab sampling for the inlet, the results of the analysis suggest that the analytical methods used by both laboratories for enumeration of these organisms in wastewater were equivalent. Independent-samples t-test for equality of means analysis also showed there was no statistically significant difference between the mean HRAP2 concentrations of E. coli as determined by AWQC using grab sampling and FUSA using composite sampling (Table 6 ). The AWQC mean concentration value for E. coli was 2.89 ± 1.19 log 10 E. coli MPN 100 mL −1 and the FUSA mean was 3.17 ± 0.72 log 10 E. coli MPN 100 mL −1 (p = 0.51; n = 40). Independent-samples Mann-Whitney U test indicated there was no statistically significant difference between the mean F-RNA bacteriophage concentration in HRAP2 determined by the each of the laboratories ( Table 6 ). The F-RNA mean concentration for HRAP2 determined by AWQC was 2.43 ± 1.06 log 10 PFU 100 mL −1 and the mean concentration determined by FUSA was 2.11 ± 0.92 log 10 PFU 100 mL −1 (p = 0.19; n = 40). Considering the result of the statistical analysis for the inlet samples, the result of the statistical analysis of the HRAP2 samples, which only differed in methodology by FUSA collecting samples by refrigerated auto-sampler, suggests that the different sampling strategies employed did not produce results for the enumeration of either organisms which were statistically significantly different.
Contrasting with the previous results, an independentsamples Mann-Whitney U test indicated there was a statistically significant difference between the results obtained by each laboratory for mean concentration F-RNA bacteriophage in HRAP1 determined by AWQC using grab sampling and FUSA using refrigerated, composite sampling ( Table 5 ). The mean F-RNA bacteriophage concentration determined by AWQC was 3.88 ± 0.50 log 10 PFU 100 mL −1 , and the mean determined by FUSA was 2.74 ± 0.63 log 10 PFU 100 mL −1 (p < 0.001; n = 40). It is unclear why the result from this statistical analysis differs from the previous results given that all sampling was carried out at the same time, the same sampling strategies were employed, and the same enumeration methods were used for both HRAP1 and HRAP2. Without understanding the cause for this difference, it is difficult to construe the significance, if any, of this result. Independent-samples t-test for equality of means analysis suggested there was no statistically significant difference between the E. coli concentrations measured by both laboratories in HRAP2. The E. coli mean concentration determined by AWQC was 4.38 ± 0.41 log 10 E. coli MPN 100 mL −1 and the FUSA mean was 4.05 ± 0.54 log 10 E. coli MPN 100 mL −1 ( p = 0.07; n = 40). This result provides additional support that the different sampling strategies employed by each laboratory did not affect the microbiological analysis.
There have been few studies on the dark die-off of E. coli in wastewater stored for the length of time utilised during this validation. Mayer, Vierheilig 31 measured dark die-off of E. coli in wastewater stored in a refrigerated auto-sampler at 5°C. They reported a dark die-off of approximately 0.8 log 10 E. coli MPN 100 mL −1 over 11 d: similar to the mean time,
11.83 d, the samples were left in the auto-sampler before collection during the validation. 31 This result is supported by
Buchanan 2014 who measured the dark die-off of E. coli in wastewater stored at 2.5°C in the laboratory to be approximately 0.8 log 10 E. coli MPN 100 mL −1 at 11 d. The significance of these results to what was happening to the organisms in the refrigerated auto-samplers during the validation is unclear particularly when considering the lower storage temperature used in the validation, 1°C, and the values for the dark die-off of E. coli being similar to the standard deviation of the mean concentrations of E. coli measured in both HRAPs by each laboratory (Tables 5 and 6 ).
As the regulator validates new wastewater treatment systems based on final LRVs, the most important result from the statistical analyses was that there was no statistically significant difference between the final LRVs determined by each laboratory for E. coli using independent-samples t-test for equality of means (p = 0.37; n = 40) and F-RNA bacteriophage using independent-samples Mann-Whitney U test (p = 0.20; n = 40).
Validation of wastewater treatment systems in rural and remote communities is a challenging and expensive process. The Kingston on Murray HRAP system was a 500 km round trip from Adelaide, the location of both analytical laboratories. Personnel were required on-site to conduct manual 'grab' sampling twice per week over a 10 week period and to arrange transport on ice to AWQC to enable analysis to be conducted within 24 h of sampling. The use of refrigerated (1°C ) auto-samplers to collect and store the samples before retrieval was an alternate approach which may significantly reduce both the cost and logistical complexity associated with the validation of treatment plants in remote locations. Furthermore, application of refrigerated auto-samplers enables samples to be taken more frequently, resulting in a larger dataset for the validation. Further research is required to elucidate the behaviour of organisms stored in dark refrigerated auto-samplers for extended periods, but considering the results of this study, the employment of refrigerated, portable auto-samplers should be considered an economical option for validation of rural wastewater treatment systems.
Conclusions
To the authors' knowledge, this is the first time the independent validation of a HRAP has been accepted by a regulatory agency. The results from the validation provide robust evidence that HRAPs are an effective alternate treatment option to other conventional natural pond systems, such as WSPs. The results also demonstrated the HRAP treated effluent met the Australian reuse guideline requirements for irrigation of non-food crops. Consequently, HRAPs were approved to be incorporated into the South Australian CWMS as an alternative option to the conventional WSP systems currently used. The comparison between the AWQC and FUSA methodology suggests that refrigerated auto-samplers may present a simpler and cheaper method for monitoring remote wastewater treatment systems.
Conflicts of interest
There are no conflicts to declare.
